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INTEGRATED CIRCUIT HAVING MULTIPLE MEMORY TYPES 
AND METHOD OF FORMATION 

Cross Reference to Related Applications 

5 

This application is related to the following copending U.S. Patent 
Applications: 

(1) U.S. Serial No. 10/074,732 entitled "Method of Forming A Vertical Double 
Gate Semiconductor Device and Structure Thereof assigned to the assignee 

10 hereof; 

(2) U.S. Serial No. 10/443,375 entitled "Transistor With Independent Gate & 
Structures" assigned to the assignee hereof; and 

m 

15 (3) U.S. Serial No. 10/443,908 entitled "Memory With Charge Storage =5 
Locations" assigned to the assignee hereof. < 

fe 

LU 

(4) U.S. Serial No. 10/427,141 entitled "Semiconductor Fabrication Process CD 
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With Asymmetrical Conductive Spacers" assigned to the assignee hereof. 

Field of the Invention 

This invention relates to semiconductors, and more particularly to 
isistors for use in memories. 
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Reduced transistor structures have also brought about the ability to 
integrate both non-volatile (e.g. read-only-memory and Flash) and volatile 
(DRAM and SRAM) memory arrays for system on chip (SOC) applications. 
Typically different transistor structures implemented with differing 
5 processes are required to implement both non-volatile and volatile memory 
arrays. For example, a Flash memory transistor is implemented with a 
floating gate structure that is between a channel and a control gate. In 
contrast, a DRAM memory transistor is implemented with a planar transistor 
controlling a deep trench capacitor. The planar transistor uses a single plane 

10 channel that separates a source and a drain and that is controlled by an 

overlying gate. The requirement to implement both volatile and non- volatile 
memory arrays on a single integrated circuit therefore adds significant cost 
since differing processes and structures must be implemented. Additionally, § 
due to the different transistor structures that are required, the operating Jj 

15 characteristics of the transistors on a same integrated circuit may ^5 
significantly differ. ^ 

Brief Description of the Drawings JJJ. a 

20 The present invention is illustrated by way of example and not limited 

by the accompanying figures, in which like references indicate similar 
elements, and in which: 

FIGs. 1-4 illustrate in cross-sectional form a field effect transistor in 
frdance with a first form of the present invention; 

FIG. 5 illustrates in perspective form the field effect transistor of FIG. 



"IG. 6 illustrates in cross-sectional form the field effect transistor of 
having electrical contacts; 
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Related Art 

As transistor geometries have dramatically been reduced to sub- 
micron dimensions, transistor structures have been forced to be altered due 
5 to the impact on the device physics that the smaller dimensions have created. 
In particular, the channel of a transistor has become extremely narrow. Due 
to the small length of the channel, the drain electrode of a transistor begins to 
negatively control the current conduction within the channel rather than the 
gate electrode being the controlling mechanism. This problem is well 

10 documented and is commonly referred to as a short channel effect. To 

reduce the problem of short channel effect, others have proposed a transistor 
structure wherein a gate electrode is positioned on opposite sides of the 
channel. While this approach dramatically reduces the short channel effect 
problem, the ability to mass manufacture such a structure is problematic 

15 because properly aligning the oppositely positioned gates is very difficult to 
implement for mass production. As an alternative, a transistor structure 
having a vertical silicon channel that is surrounded by the gate electrode has 
been proposed to reduce short channel effects. Such transistors are referred 
to by several different names including FINFETs and double-gated 

20 transistors. While some implementations of FINFET transistors have a 
single gate electrode, other implementations have used two electrically 
isolated gate electrodes for improved performance including control of the 
transistor's threshold voltage. In order to electrically isolate the two gate 
electrodes that are around the channel, a chemical mechanical polish (CMP) 

25 or polishing step has been used. Due to the narrow fin structure of these 

transistors, the polishing step tends to cause uneven polishing or "dishing" of 
the transistor device. 
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FIGs. 7-11 illustrates in cross-sectional form a memory application of 
a volatile memory transistor and a non-volatile memory transistor using a 
second form of the field effect transistor; 

FIG. 12 illustrates in top plan form the volatile memory transistor and 
5 the non-volatile memory transistor of FIG. 11; 

FIG. 13 illustrates in cross-sectional form the volatile memory 
transistor and the non-volatile memory transistor of FIG. 1 1 having electrical 
contacts; and 

FIG. 14 illustrates a plan view of an integrated circuit implementing 
10 differing types of memory arrays by using the volatile memory transistor and 
Ol the non-volatile memory transistor of FIG. 1 1 . 
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Skilled artisans appreciate that elements in the figures are illustrated 
for simplicity and clarity and have not necessarily been drawn to scale. For 
example, the dimensions of some of the elements in the figures may be 



^ 15 exaggerated relative to other elements to help improve the understanding of 

03 the embodiments of the present invention. 

LU 
CD 



Detailed Description of the Drawings 

20 Illustrated in FIG. 1 is a cross-sectional view of a semiconductor wafer 

12 during a stage in the manufacture of a field effect transistor 10 with three 
electrically isolated gate structures. Semiconductor wafer 12 includes a 
substrate 15 that is implemented with any of a variety of semiconductor 
materials, such as an SOI wafer, or with any mechanical substrate, such as a 

25 glass or sapphire substrate. Overlying the substrate 15 is an insulating layer 
13. Insulating layer 13 may be implemented with any oxide or any nitride or 
sapphire. Overlying insulating layer 13 is a patterned fin semiconductor 
structure that forms a channel 14 of a FinFET (Fin Field Effect Transistor) 
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that is silicon (either polysilicon, crystalline silicon, amorphous silicon, 
SiGe, germanium or a combination of any of these). Overlying the channel 
14 is an oxide 16. Overlying the oxide 16 is a third gate 18 (the first and 
second gates to be identified below). In one form the third gate 18 is 
polysilicon. In another form, the third gate 18 may be a doped material 
using a conventional implant process. Overlying the third gate 18 is an 
oxide layer 20. In one form the oxide 20 is silicon dioxide. Overlying the 
oxide layer 20 is a nitride layer 22. In one form nitride layer 22 is silicon 
nitride. To form the illustrated structure of field effect transistor 10, each of 
channel 14, oxide 16, the third gate 18, oxide layer 20 and nitride layer 22 is 
formed by thermal growth of layers of the indicated material or deposition of 
the layers. The layers are conventionally patterned by etching the layers to 
create the structure of field effect transistor 10. Channel 14, oxide 16, the 
third gate 18 and nitride layer 22 have resulting exposed sidewalls. 

Illustrated in FIG. 2 is further processing of field effect transistor 10 of 
FIG. 1 . A conventional sacrificial oxide clean step is performed after the 
etching. Channel 14 has sidewalls that are illustrated in cross-sectional form 
in FIG. 2 as being opposing. An oxide layer 26 is formed on the sidewalls of 
channel 14 (first and second sidewalls in FIG. 2 that are on opposite sides of 
channel 14), and an oxide layer 28 is formed on the side wall of the third gate 
18. It should be understood that oxide layer 26 is actually a continuous layer 
of material around channel 14 and thus different reference numbers are not 
assigned to the left side and the right side. The oxide layer 26 and the oxide 
layer 28 may be either thermally grown or deposited in a conventional 
manner. The oxide layer 26 is provided to function as a gate dielectric and 
oxide layer 28 is provided to function as isolation for the third gate 1 8 from 
contact with other surfaces. It should be understood that other materials are 
suitable for use as oxide layer 26 and oxide layer 28. For example, 
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oxynitride or any high permittivity material such as, for example hafnium 
oxide, or a combination of these materials may be used as the material for 
each of oxide layer 26 and oxide layer 28. 

Illustrated in FIG. 3 is further processing of field effect transistor 10 of 
5 FIG. 2. A conformal polysilicon layer 30 is formed around the existing 
structure. In one form, polysilcion layer 30 is deposited. An optional 
implant of the polysilicon layer 30 may be implemented. The optional 
implanting may take one of several forms. The implanting may be multiple 
implants of same or different species (i.e. N-type and P-type), such as boron, 

10 phosphorous or arsenic, etc. The dose, direction and energy of the implanted 
species may be varied to define conductivity of regions within polysilicon 
layer 30 to the left and to the right of channel 14. If the doping type of 
polysilicon layer 30 is different than the doping of the first gate 18, this 
allows for the channel threshold voltage to be controlled as in an asymmetric 

15 double gate transistor. In other forms polysilicon layer 30 may be 

implemented with other materials such as silicon germanium, titanium 
nitride, tantalum silicon nitride or silicides or combinations of these. 
Overlying the polysilicon layer 30 is an antireflective coating (ARC) layer 
32. In one form ARC layer 32 is a nitride. It should be understood that 

20 ARC layer 32 is an optional layer. The ARC layer 32 is conformal to the 
existing structure and is deposited. A spin-on resist layer 34 is deposited 
onto the field effect transistor 10 to a height which is initially greater than 
the height of the upper surface of nitride layer 22 and then etched back to 
expose a portion of the ARC layer 32. The etch may be either an isotropic or 

25 an anisotropic etch. The spin-on resist layer 34 exposes the nitride ARC 

layer 32 overlying the fin region of the FinFET and covers the other portions 
of the ARC layer 32. Other spin-on materials such as spin-on glass may be 
used for spin-on resist layer 34. Alternatively, the spin-on resist layer 34 
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may be formed at a desired height using conventional spin-on or deposition 
techniques. 

Illustrated in FIG. 4 is further processing of field effect transistor 10 of 
FIG. 3. In FIG. 4 field effect transistor 10 has been etched to remove an 
5 exposed portion of the ARC layer 32 and a portion of the polysilicon layer 
30. The etching results in the formation of a first gate 44 and a second gate 
42. This etch may stop at various points. In another form, a CMP polish 
step is used and the polishing results in the upper surface of first gate 44 
being at edge 52. When an etch is performed, the upper surface of first gate 

10 44 and second gate 42 may be positioned at various locations, such as at 
either edge 52 or further down such as at an edge 55. The location of the 
upper surface of first gate 44 and second gate 42 determines how much 
capacitive coupling exists between the third gate 18 and each of the first gate 
44 and second gate 42. Therefore, in some applications it is generally more 

15 desirable to stop the etch when the upper surface of the first gate 44 and the 
second gate 42 is below the lower surface of the third gate 18. In other 
applications it is desirable to have some amount of capacitive coupling 
between the third gate and each of the first gate and second gate. Therefore, 
the etching provides a significant degree of flexibility in the control of the 

20 size of the first gate 44 and the second gate 42. The spin-on resist layer 34 
and the nitride ARC layer 32 are removed using a conventional wet etch 
step. Additionally, nitride ARC layer 22 may be removed by the 
conventional wet etch step. Further, it should be noted that when suitable 
materials are used for spin-on resist layer 34, and nitride for ARC layer 32 

25 and nitride layer 22 for making electrical contacts thereto, these layers may 
be kept in place rather than being etched away. For example, if spin-on 
resist layer 34 is implemented as a spin-on dielectric, and each of the first 
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gate, the second gate and the third gate are silicides are metals, spin-on resist 
layer 34, ARC layer 32 and nitride layer 22 need not be etched away. 

Illustrated in FIG. 5 is a perspective view of the field effect transistor 
10 of FIG. 4. First gate 44, second gate 42, third gate 18, nitride layer 22 
5 and oxide layer 20 have been lithographically patterned and etched using 
conventional photolithography. This patterning defines a gate length for 
each of first gate 44, second gate 42 and third gate 18 that is illustrated in 
FIG. 5. Using the photoresist as a mask, portions of the poly silicon layer 30, 
nitride layer 22, oxide layer 20 and third gate 18 are removed. Oxide layer 

10 26 and gate oxide 16 function as an etch stop layer during the etching of this 
lithographic patterning. This processing exposes regions in which a source 
region 70 and a drain region 72 are formed by a conventional doping step 
such as an implant. Further additional processing may be implemented. For 
example, sidewall spacers (not shown) may be formed adjacent each of the 

15 first gate 44, the second gate 42 and the third gate 18. Also, silicidation of 
exposed silicon semiconductor surfaces may be implemented to reduce the 
resisitvity of the silicon surfaces. If so, then this silicidation will form a 
silicidation layer at an upper surface of exposed portions of first gate 44, 
second gate 42, third gate 18, source region 70 and drain region 72. It 

20 should be noted that the order of process steps described herein may be 

varied. For example, the etching (or alternative polishing) to form the first 
gate 44 and the second gate 42 may be implemented after the formation of 
the spacers (not shown) or the silicidation described above. 

Illustrated in FIG. 6 is further processing of field effect transistor 10 

25 wherein an interlevel dielectric (ILD) 66 is formed by depositing a layer 

such as an oxide, a nitride, a low permittivity dielectric or a combination of 
these materials. Contact holes within the ILD 66 are lithographically defined 
and etched. The contact holes may be to all three of first gate 44, second 
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gate 42 and third gate 18 or only to selected ones of these three gates. When 
the contact holes are formed, a metal contact 64 connects first gate 44 at a 
silicide region 63 created by the silicidation step described above. Similarly, 
a metal contact 58 connects the second gate 42 at a silicide region 65 and a 
5 metal contact 62 connects the third gate 18 at a silicide region 61. Any metal 
may be used for metal contacts 58, 62 and 64, such as tungsten or titanium 
nitride or others. Metal contact 64 is connected to a first bias voltage, V B ias 
i . Metal contract 58 is connected to a second bias voltage, V B ias 2- Metal 
contact 62 is connected to a third bias voltage, V B j AS 3. These three bias 

10 voltages may be the same voltage or may be different voltages or the same _ 
for only two of the bias voltages. 

A transistor has been formed having three electrically isolate gate 
electrodes, first gate 44, second gate 42 and third gate 18. All three of these 
gates may independently control the channel 14. Each of the metal contacts 

15 58, 62 and 64 may be separately biased with different voltage potentials to 
control characteristics such as threshold voltage, the "on" current and the 
"off 4 current. Additionally, the doping concentrations of each of these three 
electrically isolated gates may be varied by the doping concentrations chosen 
to implant into the first gate 44, second gate 42 and third gate 18. The 

20 doping concentration variation and type determines the threshold voltage 
characteristics of the field effect transistor 10. 

Illustrated in FIG. 7 is another form of field effect transistors having 
multiple electrically isolated gates that additionally have a memory storage 
capability. In particular, a nonvolatile region 104 and a volatile region 106 

25 are provided on a wafer 101 and are respectively represented by a transistor 
105 and a transistor 103. Photolithography and etch are used to define 
widths of transistors 105 and 103. Note that the width of the transistors in 
the nonvolatile region 104 is greater than the width of the transistors in the 



-9- 



SC13161TP 



volatile region 106. Note also that the height of the transistor stacks forming 
transistors 105 and 103 are the same since they are formed from the same 
layers. In the illustrated form, nonvolatile region 104 and volatile region 106 
are positioned in differing area of the wafer 101 as represented by the break 
5 between the two regions. A substrate 107 is provided with an overlying 
insulating layer 109. A channel 113 overlies the insulating layer 109. A 
charge storage structure is formed by an dielectric layer 115 overlying the 
channel 1 13, a charge storage layer 118 overlying the dielectric layer 1 15, 
and a control gate dielectric 1 19. In one form, each of dielectric layer 115 

10 and control gate dielectric 119 is an oxide that is thermally grown. In 

another form the dielectric layer 1 15 is an oxynitride layer or a CVD-formed 
oxide. The charge storage layer 1 18 is formed by using a layer of 
nanoclusters. In one form the nanoclusters are implemented by silicon 
nanocrystals. In another form the nanoclusters are implemented by a layer 

15 of charge trapping nitride material. In yet another form, the nanoclusters are 
formed using a combination of these materials. Other charge storage 
materials may be used. Overlying the charge storage structure is a third gate 
123 that is overlying the control gate dielectric 119. Overlying the control 
gate dielectric 1 19 is a pad oxide layer 127 and a nitride layer 131 . 

20 In the non-volatile region 106, a channel 111 overlies the insulating 

layer 109. A charge storage structure is formed by an dielectric layer 117 
overlying the channel 1 1 1, a charge storage layer 120 overlying the dielectric 
layer 117, and a control gate dielectric 121. In one form, each of dielectric 
layer 117 and control gate dielectric 121 is an oxide that is thermally grown. 

25 In another form the dielectric layer 1 17 is an oxynitride layer or a CVD- 
formed oxide. The charge storage layer 120 is formed by using a layer of 
nanoclusters. In one form the nanoclusters are implemented by silicon 
nanocrystals. In another form the nanoclusters are implemented by a layer 



-10- 



SC13161TP 

of charge trapping nitride material. In yet another form, the nanoclusters are 
formed using a combination of these materials. Other charge storage 
materials may be used. Overlying the charge storage structure is a third gate 
125 that is overlying the control gate dielectric 121. Overlying the control 
5 gate dielectric 121 is a pad oxide layer 129 and a dielectric layer 133 that in 
one form is nitride. 

Illustrated in FIG. 8 is further processing of the field effect transistors 
of FIG. 7. A dielectric layer 135 and 139 is formed on sidewalls of channel 
113 and third gate 123, respectively. Similarly, a dielectric layer 137 and a 

10 dielectric layer 141 is formed on sidewalls of channel 111 and first gate 125, 
respectively. A layer of nanoclusters 143 are formed over all exposed 
surfaces using conventional CVD methods. As mentioned above, the 
nanoclusters 143 may be any of a variety of different charge storage 
materials. Overlying the nanoclusters 143 is a dielectric layer 145. The 

15 dielectric layer 145 may be either deposited or grown and in one form is one 
of a nitride layer, an oxide layer or an oxynitride layer. 

Illustrated in FIG. 9 is further processing of the field effect transistors 
of FIG. 7. An optional anisotropic etch is used to etch away regions of the 
nanoclusters 143 from exposed horizontal surfaces of the structure and partly 

20 in a vertical direction adjacent the edges of the transistor stacks. Although 
FIG. 9 illustrates that the nanoclusters 143 are etched along the sidewalls of 
the transistor stacks to a point below the third gates 123 and 125, the amount 
of nanoclusters that are etched from the sidewall may vary from any point 
along the sidewall of nitride layer 131 down to any point along the sidewall 

25 of channel 113. This etch creates separate dielectric layer 145 and dielectric 
layer 146 for transistors 105 and 103, respectively. Similarly, separate 
nanoclusters 143 and 144 are created for transistors 105 and 103, 
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respectively. Additionally no etching of the nanoclusters 143 may occur and 
the processing of FIG. 9 is not implemented. 

Illustrated in FIG. 10 is further processing of the transistors of FIG. 7. 
A conformal deposition of a gate layer 147 is made over transistor 105 and 
5 103. The gate layer 147 may be poly silicon, silicon germanium, metal or a 
combination thereof. Overlying the gate layer 147 is a nitride layer 149. 
Other dielectrics may be used in lieu of nitride. The nitride layer 149 
functions as an ARC layer. At this point, photolithography may be used to 
define predetermined regions of gate material on wafer 101 where the first 

10 gate, second gate and third gate will subsequently be positioned. At this 
point, in the regions where there is no gate patterning protecting the nitride 
layer 149, removal of nitride layer 149, gate layer 147, nitride layer 131, 
oxide layer 127, third gate 123 and the charge storage structure (control gate 
dielectric 1 19, charge storage layer 1 18 and dielectric layer 115) may be 

15 performed. A spin-on resist layer 151 is deposited onto the field effect 

transistors 105 and 103 to a height which is initially greater than the height 
of the upper surface of nitride layer 149 and then etched back to expose a 
portion of the nitride layer 149. The etch may be either an isotropic or an 
anisotropic etch. The spin-on resist layer 151 exposes the nitride layer 149 

20 overlying the fin region of the FinFET and covers the other portions of the 
nitride layer 149. Other spin-on materials such as spin-on glass may be used 
for spin-on resist layer 151. 

In FIG. 11, field effect transistors 105 and 103 are etched to remove 
an exposed portion of the nitride layer 149 and a portion of the gate layer 

25 147. The etching results in the formation of a first gate 153 and a second 
gate 155 for transistor 105, and in the formation of a first gate 157 and a 
second gate 159 for transistor 103. Again, this etch step may stop at various 
points other than at the specific point illustrated in FIG. 11. The remainder 
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of the spin-on resist layer 151 and nitride layer 149 is removed in a 
conventional manner. However, it should be noted that the spin-on resist 
layer 151, nitride layer 149 and nitride layer 131 may be left in place if 
suitable materials, such as spin-on glass, is used for the spin-on resist layer 
5 151. In another form, the nitride layer 131 may be removed with the same 
step that removes nitride layer 149. Because transistor 105 of nonvolatile 
region 104 has the same vertical dimensions as transistor 103 of volatile 
region 106, the profiles of transistor 105 and transistor 103 are the same 
except for the difference in width of the gates as previously mentioned. 

10 Illustrated in FIG. 12 is a top plan view of each of transistor 103 and 

transistor 105 in the present state represented in FIG. 11. A gate contact 
region 173 overlies the nitride layer 131 of transistor 105. Gate contact 
region 175 and gate contact region 177 respectively overlie first gate 157 and 
second gate 159 of transistor 103. Source contact region 179 overlies a 

15 source diffusion region of transistor 105, and drain contact region 181 
overlies a drain diffusion region of transistor 105. Similarly, a source 
contact region 185 overlies a source diffusion region of transistor 103, and a 
drain contact region 183 overlies a drain diffusion region of transistor 103. 
As can be seen from the top view, the width of the channel of transistor 103 

20 of volatile region 106 is typically less than the width of the channel of 

transistor 105 of nonvolatile region 104 but does not necessarily have to be 
less. The width of transistor 105 which forms a nonvolatile storage 
transistor is defined mainly by the amount of area needed to make an 
electrical contact to the third gate 123. The width of transistor 105 is also 

25 dependent upon the amount of charge storage area needed within charge 

storage layer 1 18 to make transistor 105 be non- volatile. In other words, the 
width of transistor 105 needs to be large enough to make charge storage 
layer 118 retain its charge when a bias voltage is removed from the third gate 



-13- 



SC13161TP 



123. In contrast, transistor 103 may have a narrower width because the 
storage characteristics are defined by the charge storage elements 144 in the 
sidewalls of the channel 111 rather than the width of charge storage layer 
120. Additionally electrical contact to transistor 103 does not need to be 
5 made at the top third gate 125. Therefore, the height of transistor 103 and 
the electrical characteristics of dielectric layer 137 and dielectric layer 146 
controls the memory retention characteristics of transistor 103, whereas the 
width of transistor 105 and the electrical characteristics of the control gate 
dielectric 119 and dielectric layer 115 control the memory retention 

10 characteristics of transistor 105. There could optionally be additional 

contacts (not shown) to each of the first gate 153, the second gate 155 and 
the third gate 123. Such contacts could be used to implement additional 
biasing of the channels 113 and 114, the layer of nanoclusters of charge 
storage layer 143 and the layer of nanoclusters of charge storage elements 

15 144 or charge storage layer 118 and charge storage layer 120. 

Illustrated in FIG. 13 is a cross-sectional view of transistors 105 and 
1 03 where silicided contact vias have been formed to predetermined gates of 
the transistors. A single gate contact is made to each transistor in the 
nonvolatile region 104. The gate that is contacted for each transistor in the 

20 nonvolatile region 104 is the overlying or top gate that overlies the channel. 
Two gate contacts are made to each transistor in the volatile region 106. The 
gates that are contacted for each transistor in the volatile region 106 are 
adjacent the sidewalls of the transistor. Where contact is made by contacts 
173, 175 and 177, underlying silicide regions 165, 167 and 171 are 

25 respectively formed. By program (i.e. writing) biasing each transistor in the 
nonvolatile region 104 with a single voltage to the gate overlying the channel 
and making the channel wide enough to maintain the charge in the layer of 
nanoclusters 143, transistor 105 functions as a nonvolatile memory storage 
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element. Similarly, when transistor 103 is biased at both of the gates that are 
adjacent the sidewalls of the channel 111, the layer of nanoclusters 144 of 
transistor 103 is charged and remains charged while power is refreshed or 
maintained at either first gate 157 or second gate 159. 
5 Illustrated in FIG. 14 is an integrated circuit 180 having two differing 

types of memories that are implemented using the same processing to 
implement transistors like transistor 105 in a nonvolatile region 104, 
transistors like transistor 10 as embodied in FIGs. 1-6 in a region 105 having 
circuitry with three-gate transistors, and transistors like transistor 103 in a 

10 volatile region 106. While a dynamic memory such as a DRAM is identified 
as the type of storage device for the volatile region 106, other types of 
volatile memory arrays may be implemented such as a FLASH memory 
array. Any type of circuit, including logic, analog and digital circuits may be 
implemented in region 105 using the three-gate transistors. Any other of 

15 various circuit modules (not shown) may be included within integrated 
circuit 180 that use one or all three types (NVM three-gate transistors, 
volatile memory three-gate transistors and non-memory three-gate transistor 
structures) of transistor functions described herein. It should be apparent 
that an integrated circuit may be implemented that uses only one or two of 

20 the three circuit categories identified in FIG. 14. 

By now it should be appreciated that there has been provided a 
transistor structure having three independent gates. In one form, this 
transistor can be configured to provide a universal memory architecture 
wherein both non-volatile and volatile memory cells may be implemented on 

25 a same integrated circuit using a same semiconductor process. The 

versatility of the transistor structure described herein significantly reduces 
the cost associated with manufacturing memories such as Flash or DRAM 
with ROM or SRAM on a same chip. Conventionally, different memory 
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modules made using different processing steps are required to be 
implemented on the integrated circuit. By having three independent gates, 
the transistor functions to provide three distinct sources of channel electrical 
modulation. With the increased channel current control, the threshold 
5 voltage of the transistor can be more accurately controlled (i.e. the threshold 
voltage can be dynamically raised or lowered by varying the biasing of the 
combination of the gates). The transistor threshold voltage may also be set 
depending upon the size and type of gate dielectrics used to interface the 
channel with the three gates and depending upon the size and doping of the 
10 gates and the material composition of the gates. The third gate may be 

doped by conventional implantation or in-situ doping. The first and second 
gates may be implanted with angled implants of the same or differing 
species. The first and second gates may also be insitu doped to obtain the 
same conductivity. 

15 By using one type of memory storage matter for charge storage layer 

118 and a different type of memory storage matter for charge storage layer 
143, different read and write memory mechanisms may be created. In 
particular, transistor 105 may be programmed (i.e. written) by using hot 
carrier injection (HCI) by using the overlying third gate and erased by 

20 tunneling or hot hole carriers by carrier conduction between the source and 
drain. Transistor 103 may be programmed by using tunneling or warm 
channel programming using the first gate 157 and the second gate 159. 
Transistor 103 may be erased by using tunneling from any of the three gates 
or by biasing the source drains appropriately. 

25 In the foregoing specification, the invention has been described with 

reference to specific embodiments. However, one of ordinary skill in the art 
appreciates that various modifications and changes can be made without 
departing from the scope of the present invention as set forth in the claims 
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below. For example, the channel 14 and third gate 18 that are below the 
nitride layer 22 may be recessed at the sidewall edges after the etch and 
clean steps described above. After forming charge storage layer 143 in FIG. 
8, a portion of the wafer 101 may be masked and charge storage layer 143 
5 and dielectric layer 145 may be removed from those areas of wafer 101 that 
are not masked. These regions may be used as transistors without storage 
locations on the perimeter (sides and top). Additionally, an etch of the third 
gate stack structure of transistor 103 may be implemented to remove charge 
storage layer 143, dielectric layer 145, dielectric layer 133, oxide layer 129, 
10 third gate 125, dielectric layer 141, control gate dielectric 121 and charge 
storage layer 120. The resulting structure is a transistor having a multiple 
sided channel. Also, the three gate regions may have different material 
properties wherein some gate regions are polysilicon and other gate regions 
are metallic. 

15 In one form there has been provided an integrated circuit having 

multiple memory types. A first region of the integrated circuit has a plurality 
of transistors for implementing a non-volatile memory. The non-volatile 
memory has charge storing transistors, each of the charge storing transistors 
having three physically separate gate electrodes surrounding a channel and 

20 respective charge storage structures positioned around the channel and the 
three physically separate gate electrodes. A first gate electrode and a second 
gate electrode are positioned adjacent opposite sidewalls of the channel and a 
third gate electrode overlies the channel. The third gate electrode receives an 
electrical bias to program and erase its respective underlying charge storage 

25 structure. A second region of the integrated circuit has a plurality of 

transistors for implementing a volatile memory. The volatile memory has 
charge storing transistors, each of the charge storing transistors having three 
physically separate gate electrodes surrounding a channel. Respective 
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charge storage structures are positioned around the channel and the three 
physically separate gate electrodes. A first gate electrode and a second gate 
electrode are positioned adjacent opposite sidewalls of the channel and a 
third gate electrode overlies the channel. Each of the first and second gate 
5 electrodes receives electrical bias to program and erase a respective one of 
the underlying charge storage structures. The channel for each of the 
plurality of transistors in the second region has a width that is different from 
channel widths for the plurality of transistors in the first region. In one form, 
the channel for each of the plurality of transistors in the second region has a 

10 width that is less than channel widths for the plurality of transistors in the 
first region. In another form a third region of the integrated circuit has a 
plurality of transistors, each of the plurality of transistors having three 
physically separate gate electrodes, wherein one, two or all of the three 
physically separate gate electrodes are biased. All of the three physically 

15 separate gate electrodes are biased with a same valued voltage potential. All 
of the three physically separate gate electrodes are biased with a different 
valued voltage potential. In another form an integrated circuit has a first 
memory and a second memory. The first memory includes a first 
semiconductor structure including a top surface, a first sidewall, and a 

20 second sidewall opposing the first sidewall. The first semiconductor 

structure is located in a first region of the integrated circuit. A first charge 
storage structure is located adjacent to the first sidewall. A first gate 
structure is located adjacent to the first charge storage structure on an 
opposite side of the first charge storage structure from the first sidewall. The 

25 second memory includes a second semiconductor structure having a top 
surface, a third sidewall, and a fourth sidewall opposing the third sidewall. 
The second semiconductor structure is located in a second region of the 
integrated circuit. A second charge storage structure is located over the top 
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surface of the second semiconductor structure. A second gate structure is 
located over the second charge storage structure. The first memory and the 
second memory are formed at different locations of a same substrate with a 
same process. The second memory further includes a third charge storage 
5 structure located adjacent to the third sidewall. A third gate structure is 
located adjacent to the third charge storage structure on an opposite side of 
the third charge storage structure from the third sidewall. In one form a first 
contact is coupled to the first gate structure of the first memory, wherein no 
contact is coupled to the third gate structure of the second memory. The first 

10 memory further includes a third charge storage structure located over the top 
surface of the first semiconductor structure. A third gate structure is located 
over the third charge storage structure. In another form a first contact is 
coupled to the second gate structure of the second memory, wherein no 
contact is coupled to the third gate structure of the first memory. At least 

15 one of the first charge storage structure and the second charge storage 
structure includes nanoclusters. The nanoclusters are implemented by at 
least one of silicon nanocrystals, germanium nanocrystals, silicon- 
germanium alloy nanocrystals, gold nanocrystals, silver nanocrystals, and 
platinum nanocrystals. A third charge storage structure is located adjacent to 

20 the second sidewall. A third gate structure is located adjacent to the third 
charge storage structure on an opposite side of the third charge storage 
structure from the second sidewall. A method implements multiple memory 
types on an integrated circuit by providing a first region of the integrated 
circuit having a plurality of transistors for implementing a non-volatile 

25 memory. The non-volatile memory has a first plurality of charge storing 

transistors. Each of the first plurality of charge storing transistors is formed 
by providing a substrate and forming three physically separate gate 
electrodes overlying the substrate. The three physically separate gate 
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electrodes surround a channel and at least one charge storage structure 
positioned around the channel and at least one of the three physically 
separate gate electrodes. A first gate electrode and a second gate electrode 
are positioned adjacent opposite sidewalls of the channel and a third gate 
5 electrode overlies the channel. Electrical contact is provided to the third gate 
electrode for receiving electrical bias for programming and erasing. A 
second region of the integrated circuit is provided having a plurality of 
transistors for implementing a volatile memory. The volatile memory has a 
second plurality of charge storing transistors. Each of the second plurality of 

10 charge storing transistors is formed by forming three physically separate gate 
electrodes overlying the substrate. The three physically separate gate 
electrodes surround a channel and at least one charge storage structure 
positioned around the channel and at least one of the three physically 
separate gate electrodes. A first gate electrode and a second gate electrode 

15 are positioned adjacent opposite sidewalls of the channel and a third gate 

electrode overlying the channel. Electrical contact is provided to each of the 
first and second gate electrodes for receiving electrical bias for programming 
and erasing. In another form, a third region of the integrated circuit having a 
third plurality of transistors is formed. The third plurality of transistors is 

20 formed by forming each transistor with three physically separate gate 

electrodes surrounding a channel region by only a gate dielectric material. 
Each of the three physically separate gate electrodes is biased with a same 
bias voltage. In another form only two of the three physically separate gate 
electrodes are biased with a same bias voltage. In another form each of the 

25 three physically separate gate electrodes is biased with three different bias 
voltages. In another form each channel of the plurality of transistors is 
formed in the first region with a width that is greater than each channel width 
of the plurality of transistors in the second region. 
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Accordingly, the specification and figures are to be regarded in an 
illustrative rather than a restrictive sense, and all such modifications are 
intended to be included within the scope of the present invention. Benefits, 
other advantages, and solutions to problems have been described above with 
5 regard to specific embodiments. However, the benefits, advantages, 
solutions to problems, and any element(s) that may cause any benefit, 
advantage, or solution to occur or become more pronounced are not to be 
construed as a critical, required, or essential feature or element of any or all 
the claims. As used herein, the terms "comprises," "comprising," or any 
10 other variation thereof, are intended to cover a non-exclusive inclusion, such 
that a process, method, article, or apparatus that comprises a list of elements 
does not include only those elements but may include other elements not 
expressly listed or inherent to such process, method, article, or apparatus. 
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